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An investigation was conducted to determine the electric power 
requirements necessary for ice protection of inlet guide vanes br con- 
tinuous heating and by cycliaal de-icing. Data are presented to show 
the effect of 8bbf82+8ir t~%r8tUZ-%, liquid-wst%r C+t%Zlt, 8ir 

velocity, hat-on period, end cycle times on the power requirements 
for these two methods of ice protection. 

. The results showed that for a hypothetical engine using 28 inlet 
guide vanes under simil8r icing conditions, cyclical +icing can pro- 
vide a total power saving 88 high 8s 79 percent ov%r that required for 
continuous h%ati?lg. Heat-on periods in the order of 10 seconds with a 
cycle ratio of about 1:7 resulted in the best over-all performana% tith 
respect to total power requirements and 89rodypamio losses during the 
heat-off period. 

Power requirements reported herein may be reduced by as much as 
25 percent by achieving a more u&form surface-temperature distribu- 
tion, A paremeter in tarms of %ngin% mass flow, vane size, vane sur- 
face temperature, and the icing conditions ahead of the inlet guide 
vanes was developed by which an extension of 
icing conditions and inlet gaide vsn%s other 
was possible. 

the %zp2rimeQlt8l data ta 
than those investigated 

The desirability for eJl-weath%r op%ration of turbojet aircrsft 
has necessitated extensive resserch on methods of icing protection for 
the v8rious &l@n% com.pon%nts, Experlencehas shown that, in the 
absence of 8 compressor-inlet screen, the iUetguidev8nb of an 
ax&l-flow turbojet engine constitute the most critiaal component to 
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be protected from icing. Ice formations on the inlet guide vane6 

seriously affect e&ine performanc e by decreasing the compressor effi- 
ciency, by reducing the mass flow through the engine, and by causing 
large pressure losses at the con@ressor Inlet. These factors, which 
reduce the net thrust, increase the specific fuel cormmgM.on, and 
increase the tail-pipe temperatures beyond safe operation limits, can 
render the engine inoperative in a matter of minutes in 8 heavy icing 
condition. 

Icing in the initisl stages of cqressor blading in current 
engines is deemed of secondary importance to Met-guide-vane icing 
because icing occurs principally on the leading edges, where ice 
formations are limited in size by ntlechanical gtbrasion due to the close 
spacing and relative moticrn between the rotor- and the &&or-blade 
rows. 

Ice form8tions on inlet guide v8nes tend to increase rapidly in 
size at aISbi%nt-sir ten&mratur@s above loo 3'. In the temperature 
range of loo to 32O F, the ice formations at the leading and the 
trailing edges tend to mushroom and if the vanes are closely spaced, 
bridging of the icse formations between adjacent vanes occurs. By use 
of 18rger size inlet guide vanes with a greater spacing between vanes, 
fee bridging betwe%n adjacent vanes cap be considerably delayed snd 
the icing tolemnce of the engine increased. The icing protection of 
inlet guide venes iuay be accomplished by hesting the surface of the 
vanes either by use of hot &as or by electrical means. 

Au investigation at the EACA Lewis laboratory to determine the 
electric power requirements for inlet-guide-vase icing protection was 
conducted on vanes that were twice the 6iZ% of ~81~36 in current pro- 
duction engines. The increased size was required to provide for 
adequate instrumentation and is in accordsme with current design 
trends. The investigation was m8de over a range of icing conditions 
to determine the m3nQm.m electriu power requirements for icing pro- 
tection by continuous heating of the inlet guide vanes. In addition, 
cyclical &e-icing studi%s were made to determine the possible saving 
in total power by this system of ice protection over the power required 
for continuous heating. Au smlysis is included to extend the experi- 
mentsl results to v8ne sizes 8nd icing conditions other than those 
studi%d. 
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The following synibols are used. in this report: 

AE 

h 

L 

M 
L 

m 

. P 

P 

Pp 

AP 

8 

T 

t 

V 

w 

surPace area, (sq in.) 

specific heat of dry a%r at constant pressure, (Btu/(lb)(%)) 

specific heat of wet air at constant pressure, (Btu/(lb)(°F)) 

water-collection efficiency of vane 1 

total-pressure loss, (Xb/sq ft) 

cmvective Imat-transfer coefficient, (gtu/(hr)(sq f-t)(*)) 

latent heat of vaporization, (B-k/lb) 

rate of water interceptim, (lb/(hr)(sq ft)) 

liquid-water ccmtent, (grams/cu m) 

peer input, (watts) 

static pressme, (lb/sq ft) 

pressure of saturatedwater vapor, (lb/sq ft) 

difference between local surface static pressure adI free-stream 
statiu pressure, (lb/sq ft) 

dynamia pressure, (Ib/sq ft) 

static-pressure coefficient, 1 - 
[I 1 

42 
s, 

surface distance, (ft) 

absolute static temperature, (%) 

static-temperature, (opl) 

air veloci-t;s, (rt/sec) 

mass aSr flow, (lb/set) 

3 
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w weight densi- of air, (lb/cu ft) 

X Hardyte evaporation factor 

z correlation parameter 

B local water-impingement efficiency 

6 ratio of anibient preesure ahead of VBP~S to standard XACA ambient 
sea-l~elpressure 

Subscripta: 

a 

av 

Cdl. 

& 

f 

i 

2 

8 

st 

turb 

ambient ahead of vanes 

average 

calctllat%a 

datum 

ezper;lnreatal 

averaged ambientandsurface CotitionS . 

initial con~tlon 

1- 

lou al 

surface 

s-a 

turbulent 

The electribaUy heated guide vane was the center vane of a cascade 
of five vanes mounted in a special housing in the 6- by g-foot test sec- 
tion of the icring research tunnel (fig. 1). 'Sh& walls of the housing 
and the two guide vanes at each side of the center vane were hollow and 
gas-heated to prevat ioing. Theairflowthrou&hthehousingwas regu- 
lated by ren&ely controlled flaps at the exit of the housing. 

. 
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Each vane had a chord of 2.37 inches and a total span of 6.12 
inches, of which 3.90 inches were exposed between the upper and lower 
walls of th%housi&. The spacingbetweenvaneswas 3.12 inches. Only 
the electrically heated vane was aluminum with heating elemsnts and 
guide tubes for thermocouples cast in place. Th% heating element con- 
sisted of Richrome wire enC&S%d in glass-cloth insulation and covered 
with a copper sheathj the element uas in the shape of a hairpin so that 
botk ends emerged from the top of the vane. Four heater circuits w%re 
used in the van% inqestigated and were spaced as shown in figure 2. 
Each circuit was ind%p%ndentlr connected to a variable transformer, 
which permitted selective power input to the four circuits. Power input 
to the various circuits was measured with a recording wattm%ter. An 
electronic timer was us%d to regulate the heat-on and heat-off periods 
for the cyclical de-icing studies. Stainless-steel pilot tubes w%re 
positioned in the vane at the time of casting so that thermocouple wires 
could be inserted. Iron-con&anti th%rmocouples a%re used and the 
junction peened flush with the vane surface. The th%rmocoupl%s were 
positioned in a chordtise plan% (fig. 2) 3 inches from the top of the 
vane. 

The ins-t rum%nted guide van% was insulated from the housing at both 
ends in order to minimize heat exchange between the test vane and th% 

. gas-heated housing. 

Four electrically heated total-pressure tubes and four static- 
pressure wall taps were installed ahead of the vane cascade to obtain 
the air-velocity through the housing. Three shield%d thermoaouples w%re 
mounted on top of the housing to obtain the tunnel-test-section t-era- 
ture. 

All pressuw readings were photographically recorded from multitube 
manometers andallt%mperature datawere recordedonafli&trecord%r. 

The average dry-air heat-transfer coefficient and the minimum con- 
tinuous power input to prevent icing of the electrically heated inlet 
guide vane were determined st air velocities in th% housing ahead of the 
cascade of approximately 230 and 430 feet per second. All w-air and 
icing studies were mad% with an inlet velocitg ratio of 1.0. For the 
dry-air studies, records were obtafaed of the power input'to each hester, 
thetunnelair anddatumtemperatures, the vane-surface temperatures with 
and without h%ating, and the air velocity. These data w%re obtainsd at a 
surface-temperature rise of 60° to 70° F when the surface.tenq?erature of 
the inlet guide vane was mad% as uniform as possible by adjusting the 
FOW%ZCilQUttO eachheater circuit. 
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In order td determine the 3ainbum continuous parer for ice pre- 
vention on the van%s at a given icing condition, power inputs to the 
individual heaters were progressively reduced until a minimum surface 
t%mp%rature of 32O F was reached with as uniform a chordwise surface- 
t%mperature distribution as possible. The icing conditions for these 
studies included a r~%asured liquid-water content of 0.30 to 0.85 gram 
per cubic meter and a mean effective droplet diameter of 12 to 
15 microns; the ambient-airt%mp%rature rangedfrom -35Oto17OF. 
Data record%d for the continuous heating studies were similar to the 
dry-air investigations with the addition of the icing condition data. 

The investigations of cyclical de-icing power requir%ments for 
electrically heated inlet guide van%8 were of an exploratory nature 
with most of the data obtained at an air velocity of about 392 feet 
per second. One set of data was obtained at 250 feet per second. 
The icing cmditions for these studies were similar to those for the 
continuous heating studies. Th% minimum power required for cyclical 
d%-icing was also sstablished by the method used for continuous heat- 
ingwiththe additional conditionthatall ice formations hadto be 
removed at the %nd of the heat-on time. The heat-on and cycle tim%s 
investigated wer%: 

. 

Time 
Beat-on Beat-off Total yle Cycle ratio 

(set) (set) set 
e 

10 60 70 1:7 
10 120 130 l:l3 
20 60 80 1:4 
20 I20 140 1:7 
30 60 90 1:.3 
30 120 350 1:s 

The cycle ratio is defined as the ratio of the heat-on time to th% 
total cycle tti. Data recorded were similar to those for contin- 
uous heating. 

RESULTS AHD DISCUSSI(XV 

The datum surface tenrp%ratures m%asur%d by the vane thermocouples 
approximalxdthe datumair t%mperaturem%asuredbythe shielded thermo- 
couples mounted above the housing, Similar shielded thermocouples had 
been calibrated and possessed temperature-recovery factors of 0.83 to 

r- 



NACA RM ESOES a 7 

0.87, which varied directly as a function of increasing air-str- 
Mach number in the rang% of velocities iavestigated herein. An average 
uniform temperature rise 0vBr the vane surface of 83 percent of the 
full adiabatic tenrgerature rise was therefore assumed for all calcula- 
tions . T%mperature-rise data exe presented in terms of the vane- 
surface datumt%mperatur%,whIchis deffnedas the smof the akbiept- 
air tmrperature and the average adi&b&tiC t%mp%ratur% rig% on th% van% 
surface. For dry-air conditions, a value of 0.24 uas used for cp 
in the adiabatic temperature-rise calculations; wh%r%as in wet-air or 
icing conditions, a value of cpIw that varied with pressure altitude 
and air temperature was used. 

T~I order to c&elate experimental data with theoretical caku- 
l&ions, determination of the pressure distribution over the vane xas 
necessary. A typical pressure distribution in terms of S plotted 
as a function of s is shown in figure 3. Th% data shown are for 
air velocities of 261 and 420 feet per second. 

Hsat losses caused by end effects were neglected throughout the 
investigation because the vanes were insulated from the hou&+ 

I continuous Heating of Inlet Guide vanes 

Dry-air heat-transfer evaluation. - Experimental studies were 
mad% at several ambient-air temperatures to d%temine the average 
dry-air convective heat-transfer coefficient from the vane to the 
surrounding air. Because the heat flow paths from the first and 
fourth hesters are relatively lang, th% power inputs to the first 
and fourth hester circuits were necessarily high; consequently, the 
surface-temperature distributions (fig. 4) are nonuuif arm %sp%cially 
near the traiUng edge. Experimertal results indicated that for 
kmperature-rise values of 6C" to 70° F, temperature variatfons from 
the average values of about iSo F were obtained. The typical tern- 
perature distributions over the vane &ace, shown in figure 4 as a 
function of surface distance, were obtained at air velocities of 
292 and 457 feet per second. 

The temperatures along the convex surface of the van%, as indf- 
cated by dashed Unes, were estimated from temperatures on the concave 
surface by assuming one-dimensional heat flow. This assumption also 
applies to all subsequent surface-temperature data presented herein. 

i 
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The average experimental convective heat-transfer coefficient was 
calculated from power input, vane-surface area, and temperature rise 
as follows: 

%xp,av p ’ 0.00203AA t 

The value of At is defined as ts,av-td. For the surface-temperature 
distribution and conditions given in figure 4, the hexp,av value at 
292 feet per second was 46.4 Btu per (hr)(sq ft)(q) and at 457 feet per 
second was 69.5 Btu per (hr)(sq ft)(*). 

Because the vane material used in this investigation was a good 
conductor, obtaining point convective heat-transfer coefficients experi- 
mentally was impossible; consequently only average values were obtained. 
An analysis was therefore undertaken to obtain a more comprehensive 
understanding of convective heat transfer from the vane in &y air. By 
means of theoretical heat-transfer equations for a cylLnder and a flat 
plate (reference 1) and by assuming boundary-layer conditions for the 
vane, theoretical point convective heat-transfer values were calculated. 
The pressure-distribution curve, obtained from unpublished data at the 
Lewis laboratory and given in figure 3, was used to determine local 
velocities over the vane. The temperature-distribution curves from 
figure 4 were used in the determination of the point heat-transfer 
values. The flow conditions assumed over the vane were: The leading- 
edge convective heat-transfer coefficients were the same as for a 
cylinder of O.l25-inch diameter; the concave surface of the vane was 
considered to have a laminar boundary layer; and the.convex surface was 
assumed to have a laminar boundary layer to the point of minim pres- 
sure and a turbulent boundary layer thereafter. The resulting curves 
of the convective heat-transfer coefficients as a function of surface 
distance are shown in figure 5. By an integration of the area under 
the curves, average convective heat-transfer coefficients of 50.0 and 
68.4 Btu per (hr)(sq ft)(oF) were obtained for air velocities of 292 
and 457 feet per second, respectively. The calculated average values 
of heat-transfer coefficients are in close agreement with those experi- 
mentally obtained and indicate that the assumptions made for the 
analysis were substantially correct. Further modification of the 
asswtions to obtain more accurate values appears to be unwarranted 
because the heat-transfer coefficients in the region where transition 
from a laminar to a turbulent boundary layer occurs cannot be satis- 
factorily evaluated. 

Wet-air heat-transfer evaluation. - In order to obtain an under- 
standing of the heat-transfer mechanism for icing conditions, an 

. 
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analysis was made to determine the vet-sir heat-transfer coefficient8 
hX+M in term of local. power densities. !Pheanalysisusedtoobtai.n 
these coefficients makes use of the wet-air analysis presented in 
reference 2. 

. 

Calculation of the wet-a3r heat-transfer coefficients required 
determining the local rate of water impingement on the vane surface. 
Because neither theoretical nor erperimntel data are available on 
water-impingement rates for inlet guide vanes, the following procedure 
was used to obtain approximate local values of M. The local aater- 
impingement efficiency 6 was determined by aasming that the water- 
droplet trajectoriee were straight-line pathe as shown in figure 6(a). 
The local impingement rate at sny point on the vane surface is there- 
fore the ratio of the area aontained between adjacent droplet trajec- 
tories dy ahead of the vane to the vane surface contained within 
these trajectories ds, The distrfbutfon of B over the blade surface 
is shovn in figure 6(b) a8 8 function of surface distance. This water 
iaterception by the vane was based on a water-collection efficiency I& 
of 100 percent. Because water droplets do deviate from the air stream- 
lines as a result of the momentum difference between the droplets and 
the air, 3& is less than 100 percent. On the basis of vater trajec- 
tory studies reported in reference 3, calculations were made of the 
collection efficiency for ribbons approximatimg the projected frontal. 
area andtheplanformof thevane. For the afr velocities and droplet 
size used in the present inlet-guide-vane investigation, the collection 
efficiency of these rfbbons was in the order of 80 percent. This value 
of collection efficiency was assmed for the Met guide vane. The 
expression for the water-twJingement rate therefore is 

MPwa=O18VIU$ 
4.45 l = 

The heat loss from the inlet &de vane caused by evaporation was 
calculated using Hardy88 evaporation factor as given in reference 4. 
The full evaporation factor warn used on all surfaces subject to direct 
water impingement as indicated by the B values in figure 6(b). 
Beyondthelimitofwater ir@ngementonthe aonvex surface, runback 
was assumed to occur and, based 011 eqperiruental observationa of afr- 
foil sections, an average value of 20 percent of the full evaporation 
factor was assumed. As .in the dry-air analysis, the vane-surface tern.. 
peratures were maintained as uniform as possible at the min&uumtotal 
power required to prevent icing. The surface temperatures for two 
typical cases analyzed are shown in figure 7. The icing conditions for 
these temperature distributions were: air velocities of 401 and 261 feet 
per second, e&lent-air temperatures of -l2O and -5O F, liquid-water 
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contents of 0.58 and 0.62 gram per cubic meter, and average emeri- 
mental power densities of 9.3 and 6.4 watts per square inch, respec- 
tively. 

The same boundary-layer conditions as for the dry-air analysis 
were initially assumed. Calculations of the local. power density as a 
function,of the surface distance were then made (fig. 7) for the icing 
conditions previously stated. lirkegration of the area under the curves 
shown in figure 7 indicated lower total power inputs for icing protec- 
tion of the vane than were experimentally obtained. The boundary layer 
assumed on the concave surface was therefore changed to include a 
turbulent boundary layer over the rearward portion of the inlet guide 
vane as shown infigure 7. By an adJustment of the amount of vane 
area assumed to be in the turbulent-flow region, the calculated average 
value of power density or average wet-air heat-transfer coefficient 
uould be calculated to approach the experimentally obtained average 
value. The validity of the assur@ion of a partially turbulent boundary 
layer on the concave surface has been substantiated in reference 2 and 
at the Lewis Laboratory by unpublished experimental studies of heat 
transfer from an airfoil in icing conditions, which indicate that a 
water film on the surface of an aiztfoil section causes early transition 
fromlaminar to turbulent flow. 

. 

As inilicated in figure 7, the surface temperatures were consider- 
ably higher than the theoretical minimum of 320 F. A wet-air analysis 
based on assumptions aindlar to those stated previously with respect 
to impingement, evaporation factor, andboundary-layer considerations 
indicates that if heaters could be so located as to give a uniform 
surface tmerature of 320 F, power savings of about 25 percent over 
the power density values shown in figure 7 could be achieved. 

Minimum power requirements for iae prevention. - The average 
minimm total power required per unit area for iue protection of inlet 
guide vanes is shown ih figure 8 as a function of the surface datum 
temperature. The data shown are for air velocities of approximately 
250 and 400 feet per second and a measured liquid-water content renging 
from 0.30 to 0.85 gram per cubic meter. The average power density for 
ice protection of inlet guide vanes increases with a decrease in ten- 
perature. Heat-tremfer rates and power density values were based on 
the total surface area'of the vane rather than the exposed area as a 
iatter of convenience because the end effects on the vane were neglected. 
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A tabulation of the icing conditions and pertinent power iqut values 
for the continuous heating used in figure 8 are shown in the following 

c table: 
2 

(ft%ec) 

236 
380 
261 
263 
401 
398 

240 
383 

Meas- t a 
uredm 

k/cu 4 
vd 

0.85 35.5 
.67 37.0 
.80 40.0 
.49 39.0 

. .58 41.0 
.30 41.0 
-44 46.0 
(4 41.0 
(4 35.5 

15, 
13 
10 
-5 
-5 

-I.2 
-12 
-35 
-24 

17 

2.9 
4.0 
6.4 
5.9 
9.3 
8.8 

13.7 
9.7 
3.9 

Total P 
(watts) 

91 
124 
199 
183 
287 
272 
424 
301 
122 I 

Heater circuit 
11 21 31 4 

(percent total power) 

22.0 12.1 
29.8 7.2 
23.6 8.5 
27.8 6.0 
24.7 9.8 
25.4 12.1 
26.4 10.8 
28.5 7.3 
35.3 7.4 

aNo measurements made. 
T Typical inlet-guide-vane surface-temperature distributions with con- 

tinuous heating in an icing condition are shown in figure 9 for surface l 

datumt~era$ures of 17.5O, -4,5O, and -28O F and an air velocity of 
approximately 400 feet per second. These temperature distributions 
tidicate that a higher average surface temperature was reed to main- 
tain the leadkog and trailing edges above freezing at low air tempera- 
turesthanathigher air temperatures. Curves ofthevariationinthe 
required average surface temperature with surface datum temperature and 
ati velocity are shown in figure 106 From these curves, estimation of 
the required average surface temperature for ice protection for condi- 
tions other than presented-herein is possible; these curves, however, 
apply only to the heating elements and spacfng used in this Westi- 
gation. 

Although various power input patterns were investigated, no better 
power input distrI.bution to the heating elements could be obtained than 
that shown in figure 11 in which the power to each circuit is presented 
in percent of total power. Because the trailing edge is effectively a 
fin, the fourth heater must have 8 relatively high temperature in order 
to maintain a 32O F temperature at the trailing edge. Approximately 
twice as muchpoweris requiredbythe trailing-edge heater thanthe 
leading edge where the heater is much closer to the region requiring 
he&t. 

. 

. 
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Comparison of experimentally and analytically determined minimum 
power requirements for ice prevention. - An analytical method by which 
the heating requirements for ice protection of inlet guide vanes can 
be calculated for vanes and conditions other than those studied herein 
is presented in the appendix. Althoughthe methodhaslimitatians, 
most aperatIng conditions for inlet gcide vanes can be closely calcu- 
lated. The analysis shows that the experimentally obtained average 
effective wet-air heat-transfer coefficient can be expressed in terms 
of the average theoretical turbulent-flow convective heat-transfer 
aoefficient, the full evaporation factor, the rate of water impinge- 
ment, and a modifying factor. !?%e average power density required for 
ice prevention can therefore be expressed as 

P 
0 I k 0.~203(0.62~rbx+~)av(ts-td) 

where 0.62 is the modifying factor. A series of (0.62hturbX+M)av 
curves for several liquid-vater contents together with the data points 
given in the preceding table are shown in figure 12 as a function of 
the correlation parameter 2 developed in the appe&. The correla- 
tion parameter Z is shown to be a function of engine mass flow, vane 
size, ambient pressure and t~emperature ahead of the vanes, vane-surface 
temperature, and liquid-water content. With a practical installation, 
a uniform vane-surface temperature may not be attained; consequently 
the term ts in the preceding equation may be.written ts,av. The 
good agreement between the calculated curves and the experimental data 
points is evident (fig. 12). Because the evaluation of the average 
theoretical wet-air heat-transfer coefficient is valid for a large 
range of operational variables (see appendix), the experimental results 
obtained herein can be extended to eimilar guide vanes of different 
size in other icing condftions. The value of 0.62 for the modifying 
factor, however, is valid only for vanes having impingement, evapora- 
tion, and vane characteristics similar to those investigated. 

: 

Ic 0 
3 

. 

CyCliUal De-Icing of klet Guide Vanes 

In any application of cyclical de-icing to inlet guide vanes the 
vanes are heated successively in groups and a large instantaneous 
power input is required to raise the vane-surface temperature to 32O F 
during a relatively short heat-on period. An average power requirement 
can be obtained by divid&g the irtstantaneous power by the total cycle 
time. By proper aycde timing and grouping of -6, the product of the 
average power and the number of vanes in a group is equal to the instan- 
taneouspcrcrerforasinglevane. The total power mended for cyclical. 
de-icdng is determined by the product of the instantaneous power per 
vane and the number of vanes heated during the heat-on period. The 
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following sections of this report contain the results of a study of the 
temperature-rise rate and power input required for cyclical de-icing of 
inlet guide vanes under several icing conditions. 

s 
2 

Temperature-rise rate. - Variations of vane-surface tqerature at 
the leading and trailing edges for various heat-on periods with time 
are showninfigure 13. These data were obtained in an icing condition 
with an air velocity of about 392 feet per second, a liquid-water con- 
tent of appromtely 0.6 gram per cubic foot, and an ambient-air tern- 
perature of -ll°F. For a giveninstantaneous power inputtoaheated 
inlet guide vane, the temperature of the blade first rises rapidly and 
then gradually levels out at the maximum temperature obtainable with 
the power applied. Ih cyclical de-icing, the power cut-off for a 
lo-second heat-on time occurs before the knee of the temperature-rise- 
rate curve is reached as indicated in figure 13. For a long heat-on 
time, 30 seconds, the power cut-off occurs well past the knee of the 
temperature-rise rate (fig. W). In term of power input, this tem- 
perature characteristic means that large instsntaneous power inputs 
are required for short heat-on periods because the initial tenrperabme- 

* rise rate must be large to reach a specified temperature. For.loqger 
heat-on periods, the tmerature-rise rate can be reduced (fig. 13) 
and thereby effect a reduction in instantaneous power input. If the 

. heat-on period is sufficiently long, the continuous heating power 
requirements are appmached. A long heat-on period, however, decreases 
the cycle ratio, thereby increasing the total power requirements con- 
siderably over those required for a short heat-on period (large cycle 
ratio). 

If ice removal occurs on the vane before the power cut-off, the 
local surface temperature increases (fig. 13(a)). A rapid decrease 
in temperature occurs whenever partly melted ice formations from an 
upstream part of the vane pass over a previously de-iced section of 
the vane (fig. 13(a), 30-second heat-on.period). In order to obtain 
a more complete understanding of the mechanics of ice removal, 
temperature-rise data were obtained at several chordwIse stations 
including the leading and trailing edge's (fig. 14). Complete de-icing 
of the vane was accomplished after 16 seconds of heating. The icing 
conditions for these data were similar to those described for figure 13. 
The power input to the vane was purposely made high to obtain a record 
of the temperature rise for the period just prior to ice removal a&l 
the consequent temperatuke rise after ic'e removal. Time. increments 
during which the tgnrperature on the vane surface remaIned constent 
near 32O F (ataticms 1.25, 1.40, 1.70, and 2.42, fig. 14) indicate 
the melting of ice or the passage of a formation of ice and water front 
an upstream portion of the vane. 
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Typical heating and cooling curves at an a&lent-air temperature 
of 11' F are shown in figure l5 for an air velocitg of 383 feet per 
second and a liquid-water content of about 0.8 gram per cubic meter. 
As shown in this figure, a high ambient-air temperature causes a con- s 

siderable lag in the vane cooling rate after ice removal. Freezing 
s 

of the impinging water on the vane is shown by the relatively constant 
temperature for the initial 5 seconds of the cooling period. The cm- 
Stan-t temperature is caused by heat storage in the vane from the heat- 
ing cycle and the release of the latent heat from the water freezing 
on the vane surfaae. These effects were not observed at lower ambient- 
air temperatures because the large temperature differential between the 
surface and the ariibient air caused a rapid dissipation of the latent 
heat released from the impi@ng water. 

Power input for cyclical de-icing - The experimental data showed 
that the power input per heating circuit tith cyclical de-icing was 
only slightly higher than the power used with continuous heating except 
near the leading edge. As a basis for cowrison, the ratio of power 
inputs to leading-edge heaters for cyclical de-icing and for contirmous 
heating is plotted in figure 16 as a function of the heat-on period. 
As the heat-m period was increased and the power input reduced, the 
power of the leading-edgeheater approachedthe power requiredfor con- 
tinuous heating. Bor short heat-on periods, the power input ratio of 
the leading-edge heater increased rapidly and reached a value of about 
2.5 for a heat-on period of 10 seconds. For shorter heat-on periods, 
the power input to the leading-edge heater rapidly approaches the burn- 

L out limit of the heating element. 

The bar graph in figure 17 illustrates the percent of total power 
input to each heater circuit for continuous and cyclical de-icing. The 
ratio of the leading- to trailing-edge power input for cyclical de-icing 
is approximately unity, whereas for continuous heating the ratio ap- 
proached a value of 2.0. In the evaluation of figure 17, the total 
power input per vane is higher for cyclical de-icing than for continuous 
heating. 

The instantaneous power density in watts per square inch required 
for cyclical de-icing is shown in figure 18 as a function of vane- 
surface datum tmerature for various cycle times, air velocities of 
240 and 390 feet per second, and liqufd-water content ranging from 
0.3 to 0.8 gram per cubic meter. The relation between the power density 
and surface datum temperature is approximately linear for each heat-on 
period investigated. Although the data are limited, the effect of air 
velocity on the power input required for cyclical de-icing appears to 
be of secondary importance. The insulation effects or heat capacity of 
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the ice formation, however, ars of primary importance and heat con- 
duction rather than heat conveation must be considered for cyclical 
de-icing. In the results presented herein, evaluating the effect 
of altitude on the cyclical de-icing performanc 8 ofthevanewasnot 
possible. It canbe sumized, however, that, as the altitude increases 
and the air forces teuding to shed the ice during the heat-on period 
are decreased, more heat than indicated in figure 18 will be required 
to provide a greater water film under the ice cap to facilitate ice 
removal. 

A comparison of figures 8 and 18 shows that as the surface datum 
temperature decreases, the ratio of the average power densities between 
cyclical de-icfng and continuous heating required for ice protection 
increases. !l!his increase is caused by the evaporation factor X, 
which influences heating requiremmts much more during continuous heat- 
ing than during cyclical de-icing. 

From the curves presented in figures 13 to 18, determination of 
total power requirements and of power inputs to each heater circuit 
for cycle times and for icing conditions other than those, studied 
herein is possible. 

Practical aspects of cyclical heating - The selection of a heat- 
ing cycle for a particular engine depends & the following: the total 
nusiber of inlet guide vanes to be heated at sny one time, the design 
icing condition, and the tot81 instantaueous power available for 
de-icing. The instantaneous power allowable per vane is determined 
by the temperature limits of the heating elements. Destruction tests 
of the heating elements similar to those used in this investigation 
shoved a maximum power input of 40 watts per linear inch with nominal 
metal temperatures could be attaiued. For design purposes, a value 
of not more than 25 to 30 watts per linear inch should be used. 

Inappreciable differences in power requirements for cyclical 
de-icing were observed for a change in heat-off periods under similar 
heat-on periods and icing couditions. It can be assumed therefore 
that the differences in the magnitude of ice formations occurring in 
60 and 120 secadds of icing with the water contents used in the Ives- 
tigation do not seriously affect the heat requirements for cyclical 
de-icing. The magnitude of the ice formations must, however, be con- 
sidered because of mass flow and pressure losses associated with 
various icing periods. 
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The rate at which the ram pressure decreases with time in an icing 
condition is shown in figure 19. These data are reported in refer- 
ence 5 and were obtained at air velocities of 260 and 420 feet per sec- b 
ond, liquid-water contents of 0.6 to 0.8 gram per cubic mater, and 
ambient-air temperatures of -3O to 18O F. The data indicate that at 3 
the higher ambient-air temperatures the rate of pressure loss is con- 
siderably greater than at the lower ambient-air temperatures. With 
respect to cyclical de-icing, a short heat-off period of about 60 sec- 
onds therefore appears to be more desirable than longer periods in 
the order of 120 seconds. Photographs of typical ice formations on an 
inlet guide vane are shown in figure 20 for an air velocity of 400 feet 
Per second. The icing conditions for the ice formations shown in these 
photog;raphs were a liquid-water content ranging from 0.4 to 0.85 gram 
per cubic meter with ambient-air temperatures ranging from -31' to 
10' F. The large ice formations, on the leading and trailing edges for 
the l20-second icing period were similar to those causfng the large 
pressure losses shown in figure 19. These losses were primarily 
caused by the reduction in the free flow area by the ice formations 
between adjacent vanes. 

For a given power input per vane and heat-on period but varying 
heat-off periods, the greatest power saving is accomplished with the 
longest heat-off period because the least number of vanes are heated 
at any one instant. As an illustrative example, a hypothetical engine 
is assumed to have 28 vanes of the size and type investigated herein. 
Because fractional parts of a vane cannot be heated, the number of 
blades heated at any one time is a number divisible into 28, such as 
1, 2, 4, 7, 14, or 28. The first and the last two numbers are ruled 
out on the basis of too long a heat-off period and too short a heat- 
off period, respectively. If four vanes are to be heated (1:7 cycle 
ratio), a 20 - 120 second or a 10 - 60 second cycle may be used. If 
7 vanes are to be heated at a given instant, a 20 - 60 second cycle 
may be used. The three cycles that can be used are shown in figure 21 
wherein the ratio of total cycle period to heat-on period is plotted 
as a function of total power required for cyclical de-icing of the 
heated vanes. The icing conditions assumed for these cycle periods 
were liquid-water content of 0.6 gram per cubic meter, air velocity of 
400 feet per second, and ambient-air temperature of -ll" F. Also 
given in figure 21 is the power required for continuous heating at a 
cycle ratio 1:l (7800 watts or 9.0 watts per square inch). For a 
20-second heat-on period and an instantaneous power input of 330 watts 
per vane, the calculations indicate that a total power of I.320 watts 
is required for a heat-off period of 120 seconds and 2310 watts is 
required for a heat-off period of 60 seconds. For similar cycle 
ratios (1:7) in which a 20 - 120 second and l0 - 60 second cycle are 
used, the 20 - 120 second cycle provided only a small saving in total 
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power. Although the 10 - 60 cycle requires 8 mater instantaneous 
power input per vane. (412 watts), the tot81 power used was only 
1650 watts or 25 percent greater than the total power required for 
the 20 - 120 second cycle. The utilization of a 10 - 60 second cycle 
for the icing contitions given in figure 21 will achieve 8 reduction 
of 79 percent in the total power requfred for ice protection with 
continuous heating. The saving of power for the 20 - 120 second Cycle 
is exceeded by the loss in pressure that vould be obtained at higher 
ambient-air temperatures 8s illustrated in figure 19. From a consider- 
stion of pressure and mass-flow losses that might be incurred, the 

- 60 second cycle aRpears to hold the grestest advantages for the 
kthetical engine configuration. A shorter heat-on period will 
provide a more efficient use of the power input; the burnout limit 
of the heater, however, will limit the heat-on time 8s previously 
stated. 

CONCWDING REMARK6 

Although the com@ressor bladlng on current axial-flow turbojet 
engines is subject to ic4ng primarily on the leading edges, the use 
of larger inlet guide vanes 8nd COnSequently larger spacing between 
vanes may affect COntpreSSOr-blade icing Chsr8CteriStiCS. The possi- 
bility exists that larger vane spacing will result in ice accretions 
on the conc8ve surface of the first-stage rotor 8nd stator blades. 
Should these ice accretions prove sufficiently severe to affect engine 
performance, these engine components must also be protected. The 
analysis presented herein for minimum power requirements with continu- 
ous heating of i.nlet guide Panes may be 8pplLed to the compressor 
blading, 

l 

The use of materials other th8n aluminum for inlet gufde wanes 
Will in 811 probsbility necessitate an increase in the 8verage SUf8Ce 
tempersture 8nd power input required for ice protection if heating 
elements are used sitilar to those in the present study. Because the 
leading and trailing edges are heated by conduction from the nearest 
heating elements, the use of lower conductivity metals till require 
18rger power inputs to these-heaters and will result in 8 greater heat 
dissipation at the center portfons of the vane. Relocation of heating 
ele?WntS at the leading,and trafling edges should reduce the power 
required for icing protection even if the metal used has low conduc- 
tivity properties. It is therefore recommended that heating elements, 
regardless of the type used, should be located close to the leading and 
trsiling edges provided that such heater ~stallations do not adversely 
affect the aerodynamic characteristics of the vanes. 
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SUMMARY OF RESULTS 

From 8 Study Of the electric power B!?qtiZY%t.WntS necessary for ice 
protection of inlet guide v8nes by continuous heating 8nd by cyclical 
de-icing, the following results were obtained: 

1. The average power requirement per inlet guide vane per cycle fs 
in the order of 79 percent less than that required for continuous heat- 
ing under the same conditions: rmmely, air velocity ahead of the vane, 
400 feet per second; ambient-air temperature, -Ilo F; liquid-vater 
content, approximately 0.6 gram per cubic meter; heat-on time, 10 sec- 
onds; and cycle ratio 1:7. 

2. Cycle periods of 10 or less seconds heat-on 8nd 60 seconds 
heat-off result in the best over-all performance with respect to tot81 
power input required for icing PrOteCtiOn and aerodynamic 1OSSeS during 
the heat-off period. 

3. For conditions similar to those given in the first result, the 
electric power requirements for 8 hypothetical engine utilizing con- 
tinuous heating for the 28 inlet guide v8nes with 8 total v8ne area of 
865 square inches was 7800 watts (9.0 watts/sq in.), whereas under 
the ssme COnditionS cyclical de-icing required only 1650 westts. Because 
a uniform surface temperature could not be fully attained on the inlet 
guide vane investigated, the continuous requirement is approximately 
25 percent higher than would be required for a uniform surface tempera- 
ture of 32O F. 

4. A parameter was developed in terms of the engine m8ss flow, 
vane size, S.&lent pressure snd temperature ahead of the i&Let guide 
nnes, surface temperature, and liquid-water content that permits a 
determination of power requirements for ice prevention beyond the 
limits of the experimental studies. The experimental values of power 
required for ice prevention of inlet guide vanes coincide closely with 
values calculated using this parameter. 

Lewis Flight Propulsion Laboratory, 
Nation81 Advisory Committee for Aeronautics, 

Cleveland, Ohio. 



NACA RPI ESOH29 19 

APPXNDIX- APPLICATIOHGFKESULCPSTO Gl!HEBVANESMD ICIXGCONDTIONS 
. 

t;= 
s 

Because the experiment81 data presented herein covers only 8 
limitedrangeof operating conditions and8 singlevane size, extension 
of the experimental results by 8nalyUcal me8ns is desirable. In 8 
dry-air condition, the heat transfer from a surf8ce c8n re8dil.y be 
expressed by the equations given in reference 2 for 18min8r or turbu-. 
b??lt boundary-18yer conditions. It remains, however, to determine 
whether the wet-air heat-transfer coefficient (hX+K) can be expressed 
by a psrameter as 8 single curve. Previous wet-sir 8n8lyses (refer- 
ence 2) as well 8s the studies reported herein indicate that mLIch of 
the heat transfer from 8 heated surface in the presence of 8 water 
film or wster runback on the surface occurs under transition snd tur- 
bulent bound8ry-layer conditions. An analysis w8s therefore undertaken 
to evaluate the 8ver8ge heat-transfer C0effiCieTI.t from 8 he8ted inlet 
guide vsne for which average values of .&b) X, &nd M were Cal- 
culated and a parameter 778s developed to correlate these values on 8 
single curve. 

. 

. 

The V8ri8bleS considered for this 8nalysis were ambient-air pres- 
sure, ambient-air temperature, air velocity, vane-surface tempersture, 
nine size, and liquid-water content. The air-stream conditions were 
obtained for 8 station just ahead of the inlet guide vanes 8nd were not 
necessarily 8r&ient conditions. The equation used,to obtain average 
values for turbulent convective heat-transfer coefficient (reference 1) 
can be expressed 8s 

hturbr8V = 0.64(Tf) 0) 

In order to account for the loss in heat by evaporation, Hardy's ev8p- 
oration factor X (reference 4) was used in the following form: 

x = l + 0.622L 

1 "p8P8, St 
(2) 

The rate of w8ter impingement is 

MI @Mvam . 
4.45 

l The rsnges of the various variables investigated were 8s follows: 

0.2 to 1.0; Ta, 440° and 480° B; Vt,8v, 
8, 

200 to 6GO feet per second; 
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6, 0.1 to 0.4 feet; ts, 35O to 100° F; and m, 0 and 1.15 gram6 
per cubic meter. A plot of the values of the average wet-air heat- 
transfer coefficient (hturbx+M)8v for the range of vari8bles listed 
aminst flvt +V on logarithmic coordinates results in a series of 
p8rallel straight lines (fig. 22(a)). The calculated points are 
based on constant air and SU?.V%Ce temperaturea. Similar cuPves are 
obtained for e8Ch air and surface temperature considered. The effect 
of vane size, as repres&&ed by the average surface distance 6, W8S 
determlned by plotting values of (hturbx+K)8v for const8nt values of 
8, wvt ,8VI 8Itd t, 8Wi=t 8. It W88 determined that ($urbX+M)8v 
varied 86 s-o-2. In figure 22(b), the wet-air heat-transfer coeffi- 
Cbdi iS plotted 8s 8 fUlCtioI.l of ~t,,/,O.2 for tW0 absolute 
ambient-air temperatures, three 6 values, and 8 unfform surface tem- 
perature. The next step in the an8lysis was to determine the varia- 
tion of (hturbx+M)8v with absolute ambient-air temperature T,. When 

(hturbX+M)8v is plotted against T, 8t COnt$aIIt values of 
mt,8&"-2, 8, 8nci t,> the d8t8 fall along approximately parallel 
lines having 8 slope of 3. For convenience of calculation, m3/loa3 
is used in pl8Ce Of T83 in correlating d8t8 points 8t different 
ambient-air temperatures. A typicti plot of (hturbx+M), is shown 
in figure 22(c) 88 8 function of (WV t,av/s0.2)(T,/100)3 for a surface 
temperature of 40' F. In 8 similar m8nner, (h.tur.x+M)8v iS f0UU.d to 
v8ry 8s the -0.61 to -0.65 paver of 8 8nd the -0.63 power is used in 
the parameter being developed. Thus far, (hturbx+M)av correlates to 
8 single curve when plotted 8gainSt the parameter 
(wVt,8v/s0.2)(T8/100)3(l~~o-~) at uniform surface temperatures t,. 
Figure 22(d) is 8 typical plot for 8 Surf&Ce temperature of 40° F. 
Similar curves were developed for surface temperatures of 35' 8nd 45O F. 
Check points were also calculated for surface temperatures of 70' and 
100° F. The variation of surface tempersture with the parameter shown 
in figure 22(d) was determined to be 8 straight line relation when 
plotted on 8 SemilOg8rithSLiC SC8l.. The equation of this curve was 

found to be a function of (3.2)10°. The final correlation parameter 2 
W8S determined 86 

(4) 
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. 
and is shown plotted as a function of (hturbx+M),, in figure 22(e). 
Limit8tions to the correlation p8r8mtSter are 88 fOlhWS: At Surface 
temperatures of 100° F, the parameter is valid only at 6 values near 
1.0; and at surface temperatures of 70° F, the limiting 6 value is 

Ic, 0 approximately 0.4. These limiting values 8re necessary beCaUSe of the 
3 rapid increase in vapor pressure snd the evaporation factor X for 8 

combination of high surface temper8tures and high altitudes. Atsur- 
face temperstures of 30° to 50° F, the par8meter is valid for 6 
Value6 8s low 88 0.2. Because of the w8terArqingement chsracteristics 
on the vsne assumed in the analysis, the average net-air heat-transfer 
COeffiCient is conveniently expressed in the form of (hturbX)av 
(fig. 22(f)), to which the rste of water impingement M can then be 
added for the psrticular v8ne 8nd icing Condition under consider8tion. 
The scatter of the points shown in figures 22(e) and 22(f) are in the 
order of &5 percent. The equation for the upper curve in figure 22(f) . 
can be expressed 8s 

(ht&x)8v = 0.000554(X)o-66 
. 

. 
where 2 is the correlationparameter. It has therefore been demon- 
strated that for the usual range of icing and operating conditions for 
inlet guide vanes, 8ver8ge wet-sir heat-transfer coefficient can be 
correlated on 8 single curve, with a Con&ant liquid-W8ter Content. 

l 

The wet-air analysis, previously discumed in the text, indicated 
that the inlet guide v8nes studied did not operate with a fully tur- 
bulent boundary-layer nor did a portion of the surf8ce experience the 
effect of the full evaporation factor X. The values of kurbxM)av 1 
given in figures 22(e) 8nd 22(f) 8s a function of 2 must therefore be 
modified to 8pply to 8 practical operating condition. h 8n8QSfS Of 
the experiment81 d8t8 indicate6 that 8 Series Of curves can be Cal.- 
culated by multiplying (htur$), by 0.62 and adding M, which cor- 
responds to 8 given water content, from equation (3); this series of 
curves closely correl.8tes the calculated 8verage wet-air heat-transfer 
coefficient with experimental data. The term (0.62htmbX)av csn algo 

be expressed as 0.000343(Z)om88. These values will be obtsined only if 
the impingement, evsporation, and vane char8cteristics are similar to 
those studied. For ex8tile, beCaUSe hot-g8s-heated inlet guide vanes 
have high surf8ce temperatures, the Impinged water may evaporate before 
it reaches the trailing edge and leave part of the surface completely 
dry; in this case, the modifying factor is less than 0.62, varying with 
the amount of ccmgletely dry surface. For cases in which % + 0.8, the 
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teI3.l (o.62b.x)av still 8pplieS as 8 b86e and curve6 for various 
water contents can be obtained by evaluating new M value andadding 
these values to (".62hturbx)8v or to the 0.000343(Z) 088 

l value. If 
the average local velocity over both sides of the v8ne 8ppro8ches that 
of the free-stream velocity, 8s was the case in the present investig8- 
tion where Vt,av = 1.041V8, wVt,, may be written 8s k' W/A. The 
value of k' is the velocity ratio Vt,av /v 8 and W/A is the m8ss 
flow per unit 8rea through the cascade; In the mass flow form, the 
correlation p8r8meter Z is more convenient to the designers of 
turbojet-engine ice-prevention systems in that the mass flow of the 
engine is known, but the velocity'ahead of the guide vanes may not be 
readily obtsinable. From the average effective wet-air heat-transfer 
coefficient, the average power required for ice prevention for any 
icing condition is then obt8ined from the following equation: 

. 

5 d 

P 
o.~203(ts-td)A = (0.62hturbX+Mf8v = 03) 
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BYgure 2. - Comtmctfm detaila of electrfcallg heated inlet guide Verne ehowbg 
location of heater cixtaita and mrfkce thenuooouples.. 
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Figure 3. - Variation of static-preesure coefficient with 
inlet-guide-vane surface distance. 
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(a) Air velocity, 592 feet per second; ambient-air 
temperature, 56 F; power input, 180 watts. 
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(b) Air velocity, 457 feet per second; ambient-air 
temperature, 5~ F; power input, 265 watts. 

Figure 4. - Typical vane-surface-temperature distribution 
in dry air with oontinuoue heating aa function of inlet- 
guide-vane surface distance. 
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AAraglTi con;ectiv'e 
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Figure 5. - Calculated convectJve.heat.y-raqfer'coqfflcfent 
in dry air with continuous heating as function of inlet- 
guide-vane surface distance. 
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(a) Vane droplet trajectory assumptions. 
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(b) Calculated water deposition over inlet guide vane. 

Figure 6. - Calculated variation of local water- 
impingement efficiency over inlet-guide-vane surface. 
Collection efficiency EM, 100 percent. 
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(b) Air velocity, 261 feet per second: ambient-air temperature, -So F. 

Figure 7. - Typical wet-air analysis of local power density over inlet- 
guide-vane surface. Liquid-water content, 
per cubic meter. 

approximately 0.6 gram 
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Figure 8. - Minimum power requirements for ice prevention with 
continuous heating as function of inlet-guide-vane surface 
datum temperature. Liquid-water content, 0.30 to 0.85 gram 
per cubic meter. 
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Figure 9. - Variation of surface-temperature distribution with 
continuous heating as function of inlet-guide-vane surfaoe 
distance for several surface datum temperatures. Air V810c- 
ity, 400 feet per second; liquid-water content, 0.4 to 
0.7 gram per cubic meter. 
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Figure 10. - Variation of average eurrace 
temperature for continuous heating with 
inlet-gu;uide-vane surface datum 
temperature. Liquid-water content, 
0.30 to 0.85 gram per oublc meter. 
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Figure II. - #fnlmtm avenge 
tota& power per heater for 
ioFng proteotion with 
continuous heating. 
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Figure 12. - Correlation of average experimental wet- 
air heat-tranefer coefficients with theoretical 
values. 
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Figure 13. - Typical aurfaceitemperature-rise curves at leading and trailihg edges for 

various heat-on periods as function of time. Air velocity, approximately 3132 feet 
per seaond; ambient-air temperature, -11’ F; liquid-water content, approximately 
0.6 gram per cubic meter. 
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Figure 15. - Typilcal variation of vane-surface 
temperature rfse with time at ambient-air 
temperature of llo F. Air velocity, 383 feet 
per &3uond; liquid-water content, approxi- 
mately 0.8 gram per cubic meter; heat-on 
period, 10 seconds. 
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Figure 16. - Ratio of power inputs at leading edge 
required for cyclical de-icing and for continuous 
heating as function of heat-on period. Air veloc- 
ity, approximately 400 feet per second; liquid- 
water content, approximately 0.6 to 0.8 gram per 
cubic meter. 
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Figure 17, - Comparison of typical power input-to 
individual heaters required for ice protection 
by cyclical de-icing with lo-second heat-on 
period and by continuous heating. 
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Figure 18. - Evaluation of average.instantaneous power density 
required for ice protection using cyclical de-icing as 
function of surface datum temperature. Liquid-water content, 
0.3 to 0.8 gram per cubic meter; heat-off periods, 60 to 120 
seconds. 
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Figure 19. - Effect of ice formations on aerodynamic character- 
istics of typical inlet guide vanes. Liquid-water content, 
0.6 to 0.8 gram per cubic meter. 
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Figure 21. - Total power requirements as 
function of cycle ratio for cyclical de- 
icing of hypothetical turbojet engine con- 
taining 28 double-size inlet gufde vanes. 
Air velocity, 400 fast per second; liquid- 
water content, approximately 0.6 gram per 
cubic meter; ambient-air temperature, -ll" F. 
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(ateniorrelation Of (hturbm)av with WVt,ava Liquid-water con- 
1.15 grams per oubia meter; surface temperature, 40° F; 

absolute ambient-air temperature, 4600R. 

Figure 22. - Evaluation of parameter Z for correlating average 
vet-air heat-transfer coefficient (hturbX+M)av and average 
base wet-air heat-transfer coefficient (htupbX)av on indi- 
vidual ourves. 
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(b) Correlation of (hturbXHd)av with wVb,av/soo2. Liquid-water con- 
tent, 1.15 grams per cubic meter; surface temperature, 40° F. 

Figure 22. i Continued. Evaluation of parameter Z for correlating 
average wet-air heat-tranefer coeffiaient (hturbX+M),, and average 
base wet-air heat-transfer coefficient (hturbX)av -on Individual 
CurVea. 
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(c) Correlation of (hturbX+!d),, with Ta. Liquid-water content, 
1.15 grams per cubic meter; surface temperature, 400 F. 

Figure 22. - Contlntied. Evaluation of parameter Z for correlating 
average wet-air heat-transfer cobfficient (hturbXtM),, and average 
base wet'-air heat-transfer coefficient (hturbX)av on individual 
curves. 
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(d) Correlation of (hturbX+M)av with 8. Liquid-water content, 
1.15 grams per oubio meter; surface temperature, 40° F. . 

Figure 22. - Continued. gvaluation'of parameter Z for correl-ating 
average wet-air heat-transfer coeffialent (hturbX+M)av and average 
base ret-air heat-transfer ooefficlent bturdl jav on individual 

. curves. 
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Figure 22. - Gontinue'd. Evaluation of paranie'tar Z for cortielating 
average wet-air heat-transfer coefficient (hturbX+M)av and average 
base wet-air heat-transfer coefficient (hturdljav on individual 
curves. 
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(f) Correlation of (htmbX)av with zo Liquid-water content, 
0 gram per cubic meter; surfaae temperature, 4o" F. 

Figure 22. - Concluded. Evaluation of parameter Z for correlating 
average wet-air heat-transfer coefficient (htutJ+MI)av and average 
base wet-air heat-transfer coeffioient (hturtJ)av on individual 
curves. 
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